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The Large Hadron Collider experiments are probing the evolution of the strong coupling αs up
to the TeV scale. We show how the ratio of 3- to 2-jets cross sections is affected by the presence
of new physics and argue that it can be used to place a model-independent bound on new particles
carrying QCD color charge. The current data potentially constrains such states to be heavier than
a few hundred GeVs.
I. INTRODUCTION
So far the most relevant result obtained from the Large
Hadron Collider has been the discovery of the Higgs bo-
son [1, 2], however non-Higgs analyses are also very valu-
able. For example in [3] the first determination of the
strong coupling αs(MZ) from measurements of momen-
tum scales beyond 0.6 TeV was presented. This determi-
nation has been performed studying the behaviour of the
ratio R32 of the inclusive 3-jet cross section to the 2-jet
cross section, defined in greater detail in the next section.
The result is in agreement with the world average value
of αs(MZ).
1
In this paper, we argue that it is in principle possible to
constrain the presence of new colored states using such
a measurement that probes quantum chromodynamics
(QCD) at harder scales than ever before. There are how-
ever some serious concerns regarding the validity of the
interpretation given in the experimental analyses which
warrants further studies. We shall here focus on the po-
tential value of such an observable for placing bounds on
new physics beyond the Standard Model (BSM), granted
that there is indeed a way to extract the value of the
strong coupling constant at large momentum transfers
from the data. A review of the measurement procedure
and of the observable itself is left for future work. In-
stead, we offer some insights related to the presence of
new (colored) particles. We show in particular that their
effect on the parton distribution functions is negligible,
at least when taking ratios of cross-sections. In the ab-
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1 Even more recent measurements of αs at high energy scales have
appeared after completion of this project, see [4].
sence of striking final states, the presence of new colored
particles must be tracked down to the running of αs.
The value of a good determination of αs lies in the
fact that new colored states would modify its running re-
gardless of their properties. While a crafty model builder
may be able to hide large numbers of particles under the
current limits from direct searches by making them dif-
ficult to produce or see, if these carry color quantum
numbers they may significantly contribute to QCD ob-
servables through virtual corrections. This approach thus
provides complementary information with respect to typ-
ical direct limits, where several assumptions have to be
made in order to specify production and decay of a given
particle. For instance if the new particles have the right
quantum numbers, searches for di-jet resonances are par-
ticularly constraining [5], while there are models evading
these bounds for which the results we present here may
be relevant [6]. Furthermore the effect on the running
of αs only depends on the mass of the new states and
on their color representation (and number), and an ex-
clusion bound from such a measurement is, to a good
approximation, model independent in that sense.
Efforts to constrain light colored states in the same
spirit as the present work have already appeared. For
example in [7, 8] the authors considered the effect of
a gluino-like state on the global analysis of scattering
hadron data or in [9] where model-independent bounds
on new colored particles are derived using event shape
data from the LEP experiments. If the precision and en-
ergy reach claimed by the LHC collaborations do hold
up to further scrutiny, we show that an improvement of
nearly one order of magnitude can be derived with re-
spect to these works.
Finally, this type of approach generalises to other sec-
tors of the Standard Model, and the electroweak sector
could for instance be constrained from high energy mea-
surements of Drell-Yan [10, 11].
The paper is organized as follows: in Section 2 we
present the observable R32 and the main results ob-
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2tained from [3], in Section 3 we analyse the effects of
new physics, in Section 4 we present a series of expected
bounds for different scenarios while in Section 5 we offer
our conclusions.
II. THE R32 OBSERVABLE
Considering that we wish to test QCD at the highest
possible energy scales, we are naturally interested in ob-
servables involving a low inclusive number of hard jets.
Furthermore, the best way to keep under control uncer-
tainties — both theoretical and experimental — is to look
at ratios. The ideal candidate according to these crite-
ria is the ratio of 3- to 2-jets (differential) cross sections,
R32, which is a commonly studied quantity [3, 12–16].
We focus on the following definition of the observable,
in accordance with the latest CMS analysis [3]:
R32 (〈pT1,2〉) ≡ dσ
nj≥3/d 〈pT1,2〉
dσnj≥2/d 〈pT1,2〉 , (1)
where 〈pT1,2〉 is the average transverse momentum of the
two leading jets in the event,
〈pT1,2〉 ≡ pT1 + pT2
2
. (2)
Other choices are possible regarding the kinematic vari-
able: one could use the pT of the leading jet only, or the
sum of the pT of all the jets, or construct more compli-
cated combinations as done for the observable N32 con-
sidered by the ATLAS collaboration [16].
The CMS analysis we chose to follow is based on 5 fb−1
of data collected at 7 TeV centre-of-mass energy [3].
Jets are defined requiring transverse momenta of at least
150 GeV and rapidities less than 2.5, using the anti-
kT algorithm [17] with size parameter R = 0.7 and E-
recombination scheme.
The state-of-the-art computations for inclusive multi-
jet cross sections include the next-to-leading order cor-
rections in αs and αW [18–21].
2 NLO QCD corrections
are implemented in NLOJet++ [24], that allows to eval-
uate the 3- and 2-jets cross sections at the parton-level
within the Standard Model.
The factorisation and the renormalisation scales are
identified with 〈pT1,2〉 in the theoretical calculations pre-
sented by CMS. This is where the problem lies: since 3-jet
events involve multiple scales, this simplified assignment
may not represent the dynamics in play appropriately
enough to allow a straightforward interpretation of the
experimental data as a measurement of αs at 〈pT1,2〉;
the observable may be mainly sensitive to the value of
the strong coupling at some fixed lower scale. Although
2 Recent progress making use of new unitarity-based techniques
will probably allow for complete NNLO results in a near fu-
ture [22, 23].
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FIG. 1. The NLO K-factors of the 2- and 3-jets differential
cross sections and of the ratio of the two, computed with
NLOJet++ [24], using the CTEQ 10 NNLO PDF set [28].
the ideas we present here hinge on a resolution of this is-
sue, finding the proper redefinition or reinterpretation of
R32 goes beyond the original scope of this paper, which
only aims at encouraging a BSM reading of QCD results.
As investigated in some detail in the experimental
analyses, the PDF uncertainty is reduced to few per-
cent in the ratio; in other words, the 3- and 2-jets cross
section uncertainties are positively correlated, and there
is no severe mismatch between the kinematic regions of
the PDFs probed for a particular value of 〈pT1,2〉 in the
two cases [25]. Other theoretical uncertainties, evaluated
from the variation of the renormalisation, factorisation
and resummation scales and tuning of the showering,
are typically of order 5 − 10% in the range of interest
[26, 27]. Regardless of what the relevant scales in the
process are and whether there are more appropriate kine-
matic choices for the observable itself, the sensitivity to
higher order correction does seem to decrease in the ratio,
as also seen from the reduction of the K-factor
K32(〈pT1,2〉) ≡ R
NLO
32 (〈pT1,2〉)
RLO32 (〈pT1,2〉)
(3)
compared to the ones of the individual differential cross
sections, obtained from fixed-order computations, shown
in Fig. 1.
We will see in the next section that the parton distri-
bution functions of the gluon can be significantly affected
by the presence of new colored particles. It is thus in-
structive to describe here the relative importance of the
various sub-processes that enter the parton-level cross
sections, using the Standard Model as a benchmark. At
higher pT , larger values of the momentum fraction of the
proton are probed, where the dominant PDFs are the
ones of the valence quarks (up- and down-quarks). In
Fig. 2, obtained again using NLOJet++, we show that
the processes with two valence quarks in the initial state
become dominant indeed, while the second most impor-
tant contribution comes from processes with one valence
quark and one gluon. The gluon fusion processes, as well
32 jets
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FIG. 2. Relative contributions of sub-processes at LO to 2-
(continuous) and 3-jets (dashed) differential cross sections,
selected according to the initial-state partons: only valence
quarks (blue), one valence quark and one gluon (purple), two
gluons (red), the sum of these three contributions (grey). All
curves are obtained with NLOJet++ [24] and the CTEQ 10
NNLO PDF set [28].
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FIG. 3. αs measured at different energy scales and compared
to the running obtained in the standard model. This figure is
taken from [3].
as all other processes involving non-valence quarks, con-
tribute little to hard events.
Even though some experimental analyses do present
the results of their fits in terms of the value of αs at the
energy being probed (see Fig. 3), the emphasis is on the
results obtained by extrapolating back down to the usual
reference scale MZ , assuming the validity of the Standard
Model (SM). The final result in the latest CMS analysis
is
αs(MZ) = 0.1148± 0.0014 (exp.)± 0.0018 (PDF)
± 0.0050 (theory), (4)
and we see that the theoretical error is indeed the dom-
inant one. We take here a different approach and argue
that bounds on potential BSM physics can be derived
from such measurements.
III. R32 IN THE PRESENCE OF NEW PHYSICS
In this section, we discuss how hypothetical new col-
ored particles can contribute to R32. This can happen
through a modification of the running of αs and of the
PDFs, and as additional contributions to the partonic
cross section at leading or next-to-leading order. We ar-
gue that the most important of these effects is the change
in αs and that the correspondence between R32 and the
strong coupling constant is reliable, even in the presence
of new physics.
A. New physics contribution to hard scattering
In general, new states may contribute at tree-level to
the jet cross sections if their quantum numbers allow it.
This would lead to important modifications, especially if
there are resonant channels, and thus dedicated searches
assuming specific production and decay mechanisms for
the hypothetical particles are best suited to derive ex-
clusion bounds. In a ratio such as R32, in fact, such
contributions may in fact partially cancel, the same way
NLO corrections do as shown in the previous section. So
when studying this observable, we are interested in cases
where only virtual corrections would affect 2- and 3-jets
cross sections, for instance in the case of fermions that
do not mix with the SM quarks.
With our definition of R32, jets in the final state are
assumed to originate from a standard model parton, that
is a quark or a gluon. The new colored fermions would of
course also be produced copiously above the kinematic
threshold, but we expect them to give a characteristic
signature in the detectors. We do not study this case
here, as it depends heavily on the couplings of the new
fermions to standard matter, and is therefore model de-
pendent. Notice that if it is stable, a new, heavy fermion
in the final state could in principle be misidentified as a
jet, since it would hadronize and end its path somewhere
in the detector. There are however stringent constraints
on the existence of such bound states [29]. The only
remaining processes involving new physics at tree level
are therefore those with a heavy fermion and a heavy
antifermion in the initial state. In spite of the possible
enhancement of such processes due to large color factors,
they remain negligible due to the minor importance of
the PDF of the heavy fermion, as will be show in Sec-
tion III C.
As discussed above, radiative corrections to R32 are
subdominant in the standard model, and so are they in
the presence of new physics. The existence of loop dia-
grams involving new fermions introduces a new scale in
the process at the loop level, and moreover the color fac-
tors can be enhanced in the case of fermions in a higher-
dimensional representation; however, this dependence is
made marginal in taking the ratio of 3- to 2-jets cross
sections. The only remaining contributions that would
not obviously cancel in the ratio are threshold effects;
4these have, to our knowledge, not been studied in 3-jets
observables, but they do not modify 2-jets differential
cross sections much [30, 31]. In the absence of an explicit
NLO computation with massive fermions, our working
assumption is that the correspondence between R32 and
αsis not significantly affected by those effects.
B. Running of αs
In the presence of new colored fermions, the running of
αs at high energy is modified compared to the Standard
Model, manifested by the introduction of new coefficients
in the β function. If we denote
β(αs) ≡ µ∂αs
∂µ
= −α
2
s
2pi
(
b0 +
αs
4pi
b1 + . . .
)
, (5)
then the coefficients b0 and b1 in any mass-independent
renormalisation scheme read
b0 = 11− 2
3
nf − 4
3
nXTX , (6)
b1 = 102− 38
3
nf − 20nXTX
(
1 +
CX
5
)
, (7)
where nf is the number of quark flavours (i.e. nf = 6 at
scales Q > mt), nX the number of new (Dirac) fermions,
and TX and CX group theoretical factors depending in
which representation of the color group the new fermions
transform. One has respectively for the fundamental (di-
mension 3), adjoint (8), two-index symmetric (6) and
three-index symmetric (10) representations,
T3 =
1
2 , T8 = 3, T6 =
5
2 , T10 =
15
2 ,
C3 =
4
3 , C8 = 3, C6 =
10
3 , C10 = 6.
(8)
Higher-dimensional representations have typically larger
values of TX and CX , but will not be considered fur-
ther in this work. The case of fermions in the adjoint
representation — like the gluino in the MSSM — is spe-
cial, since the representation is real: a Majorana mass
term can be written for a single Weyl fermion, and nX
can take half-integer values. At leading order, the mod-
ification in the running of αs only depends on a single
parameter neff ≡ 2nXTX , counting the effective number
of new fermions. Explicitly, we have
neff = n3⊕3 + 3n8 + 5n6⊕6 + 15n10⊕10, (9)
where n3⊕3, n6⊕6 and n10⊕10 are the number of new
Dirac fermions in the triplet, sextet and decuplet rep-
resentations respectively, and n8 the number of Weyl
fermions in the adjoint representation. Asymptotic free-
dom is lost for neff > 10.5. We do not restrict ourselves
to asymptotically free theories.
Furthermore, one Dirac fermion corresponds to four
complex scalar degrees of freedom; scalar particles in the
spectrum thus contribute to neff four times less than cor-
responding Dirac fermions. For instance, the full content
SM
SM + color triplet
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SM + color decuplet
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FIG. 4. Example of the change in αs induced by a new fermion
of mass 500 GeV in various representations of the color gauge
group. The running of αs is performed at NLO, showing
for comparison the running at LO from the mass of the new
fermion.
of the Minimal Supersymmetric Standard Model (1 ad-
joint Weyl fermion and 12 fundamental complex scalars)
counts as neff = 6.
Beyond leading order, neff is not sufficient to
parametrise the effect of new physics and the detailed
properties of the additional particles enter the computa-
tion. Besides the value of the Casimir (8) also contri-
butions from other sectors will influence the running of
αs [32]. However these contributions are typically sub-
leading and therefore a description in terms of neff is a
useful approximation.
The running of αs as given by the β function above
is only valid at energies larger than the mass of the new
colored fermions — for simplicity, we assume that they
all have the same mass mX and that they are heavier
than the top quark. Following the standard procedure,
we choose to perform the matching of αs between the
high-energy regime and the effective theory without the
new fermions exactly at the mass mX . The choice of the
matching scale Q is arbitrary and the condition Q = mX
is not in itself a requirement of the theory. However this
choice leads to approximate continuity of the running
coupling constant and hence a more appealing physical
picture of αs (see for example [33]).
The relative importance of the change in αs induced by
fermions in various representation can be assessed from
Fig. 4. LHC observables can only be sensitive to scales of
a few TeV at most, and since we assume in our analysis
that mX > mt, the modified running of αs will not take
place over many orders of magnitude. So with the excep-
tion of color-decuplet fermions, the modified running of
αs is well estimated by the leading order running, which
will allow us to provide model-independent bounds on
new physics depending on neff and mX only.
We also derive the following approximate expression,
5which will be useful later in our discussion:
αs(Q)
αSMs (Q)
≈ 1 + neff
3pi
αs(mX) log
(
Q
mX
)
,
for Q ≥ mX , (10)
where αSMs (Q) is the Standard Model value of the run-
ning coupling.
C. Parton distribution functions
New colored fermions also affect the parton distribu-
tion functions (PDFs), besides the QCD processes at the
level of the parton interactions and through the modified
running of αs. On one hand, their presence modifies the
evolution of the PDFs of the quarks and gluons. On the
other hand, they contribute as new partons to the mo-
mentum of the colliding protons. We will show here that
in the case of R32, the modifications of PDFs can actu-
ally be neglected. In order to assess the importance of
new physics effects, we make use of a modified version of
Hoppet [34] to study the evolution of the PDFs above
the scale of new physics. For simplicity, the evolution
is performed using the DGLAP equations at leading or-
der only and then compared to the PDFs in the Standard
Model evaluated at the same order. This gives a good es-
timate of the modifications induced by the new fermions.
The explicit procedure followed is to initialise the PDFs
at the scale Q = mt with the CTEQ distribution [28],
then use the DGLAP equations (A2) of Appendix A to
perform the evolution above this energy.3 The results
can be summarised in three points:
1. The evolution of the PDF of the new fermions
above the mass threshold is driven by the gluon
PDF, and it is therefore proportional to the split-
ting function PXg ∝ TX . Fermions in low-
dimensional representations will therefore have a
small PDF, at most comparable to that of the top
quark. Fermions in a higher-dimensional represen-
tation of the color group will have PDFs increasing
faster with energy, yet they remain small compared
to the valence quarks and gluon PDFs over a large
range of energies. As an example, Fig. 5 shows the
PDFs of a new fermion of mass mX = 500 GeV
in the octet (left panel) and decuplet (right panel)
representations, at factorisation scale Q = 1.5 TeV.
Although the PDF of the new fermion becomes as
important as that of the light quarks, it is still one
or two order of magnitude below the relevant PDFs,
i.e. the valence quarks and/or the gluon ones de-
pending on which kinematic region is considered.
3 In principle we could use the SM PDFs up to the mass mX of the
new fermions. However, the CTEQ PDF set (like most others
sets) does not make use of the 6 flavours running scheme above
the top mass.
2. The evolution of the gluon PDF is also largely dom-
inated by the gluon PDF itself. New physics enters
therefore the DGLAP equations in two ways: in
the value of αs above the mass threshold and in the
splitting function of the gluon into itself, eq. (A3).
The former effect is actually subleading in αs, since
the ratio αs(Q)/α
SM
s (Q) − 1 is itself proportional
to αs, see eq. (10). The modified splitting function
of the gluon, on the contrary, gives an important
contribution to the evolution of the gluon PDF. It
can be quantified by looking at the evolution of
the ratio of the gluon PDF in the presence of new
fermions to its counterpart in the Standard Model.
One finds, at leading order in αs,
Q2
∂
∂Q2
(
fg(x,Q)
fSMg (x,Q)
)
≈ −neff
6pi
αs(Q)
fg(x,Q)
fSMg (x,Q)
, (11)
which can be integrated to give
fg(x,Q)
fSMg (x,Q)
≈ 1− neff
3pi
αs(mX) log
(
Q
mX
)
. (12)
The main effect of the presence of new fermions
is therefore the reduction of the gluon PDF by a
factor proportional to neff but independent of x.
This behaviour is confirmed by the explicit evolu-
tion obtained with Hoppet. The left-hand side
of Fig. 6 shows the leading order evolution ob-
tained for three different cases all corresponding to
neff = 15, where all gluon PDFs are normalised to
the Standard Model. Eq. (12) gives in this case
fg(x,Q) ≈ 0.83 fSMg (x,Q), which is indeed the be-
haviour observed.
3. The evolution of the quark PDF is less affected than
the gluon PDF, for the simple reason that the split-
ting functions of the quark PDFs do not depend
on the presence of new fermions. Moreover, it is
indirectly feeling their presence through the mod-
ification of αs and of the gluon PDF, but the two
corrections eqs. (10) and (12) are equal and in op-
posite direction, so that they conspire and make
the quark PDF mostly insensitive to new physics.
Notice however that at large x the PDF of the va-
lence quarks are important as well in the evolution,
and for them the enhancement in αs is not com-
pensated, hence effectively accelerating the evolu-
tion, in this case reducing the quark PDFs at large
x. This is very well visible in the right-hand side
of Fig. 6, where we show the normalised PDFs of
the up quark for three scenarios corresponding to
neff = 15. It should be noted in this case that the
leading order evolution of the PDFs does not match
very well the standard sets using the NNLO evolu-
tion equations; however, our point here is simply
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FIG. 5. Relative importance of the PDFs with a new colored fermion of mass 500 GeV in the adjoint (left panel) or three-index
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MSTW2008 [36].
to show that the quark PDFs are affected very lit-
tle by the presence of new fermions, which is clear
from the figure.
In general, the sizeable change in the gluon PDF could
have important effects on physical observables at high
factorisation scale Q. The ratio R32, however, is barely
sensitive to this change, since the relative contribution
of the gluon-induced processes to the two and three jets
differential cross section is identical, as seen in Fig. 2, and
since the reduction of the gluon PDF is x-independent.
At the precision level of our analysis, the modification of
PDFs can thus be safely neglected.
IV. BOUNDS ON THE NEW PHYSICS
In the previous sections, we argued that we expect hy-
pothetical new colored physics to affect R32 principally
through a modification of the running of αs, implying
that this observable could provide a robust determina-
tion of the strong coupling constant, at least if problems
regarding the separation of scales in 3-jet events is re-
solved. To illustrate the exclusion potential of high-scale
measurements of αs we present bounds on neff depend-
ing on the scale of new physics mX , derived from results
provided by CMS [3].
As our goal is mainly to encourage experimental groups
to also interpret their measurements in terms of exclu-
sion bounds on new physics, we chose to perform a sim-
plistic analysis here as a proof of concept and simply
take the estimates of αs given by CMS (and reproduced
7Q [GeV] αexps (Q)± σ(Q)
474 0.0936± 0.0041
664 0.0894± 0.0031
896 0.0889± 0.0034
TABLE I. High-scale determinations of αs from measure-
ments of R32 by CMS [3].
in Tab. I) at face value. We add to the analysis the
the world average measurement of the strong coupling
αs(MZ) = 0.1185 ± 0.0006 [37]; since its uncertainty is
much smaller than the ones of the other data points, we
take as fixed input αs(MZ) = 0.1185.
We also simply assume the uncertainties to be Gaus-
sian and these measurements to be independent. The in-
duced probability measure over the parameter-space we
want to constrain is then simply proportional to
exp
−1
2
∑
Q
(
αexps (Q)− αths (Q;neff ,mX)
σ(Q)
)2
×priors, (13)
where αths (Q;neff ,mX) is the theoretical prediction for
the value of the strong coupling at the scale Q, which is
a function of neff and mX .
The theoretical predictions for αs are obtained by run-
ning up to Q from the Z-mass at two-loop order, as de-
scribed in eq. (5), which is sufficient for our purpose. Be-
yond leading-order, neff is not enough to parametrise the
importance of new physics effects: the quadratic Casimir
CX needs to be specified. We vary it between 4/3 and 6
— the values corresponding to fermions in the fundamen-
tal or decuplet representations, respectively — to show
that, as a subleading effect, it has little influence.
A detailed interpretation of the uncertainty on the
scale of new physics mX is beyond the scope of this anal-
ysis. We thus assume that the mass of the new states
is known and show the subsequent upper bound on neff ,
choosing a flat prior over neff > 0, in Fig. 7.
Next year, the LHC will start its second run at circa
double the centre-of-mass energy, finally attaining its
original target. This also means a doubling of the reach in
the search for new physics: the main factors determining
the number of events occurring at a given scale are the
steeply falling PDFs, thus the corresponding value of the
momentum fraction. Up to changes due to logarithmic
scale corrections and modified experimental conditions, a
same amount of data at twice the centre-of-mass energy
would translate in mass-exclusion bounds roughly twice
as high. Of course, all searches will see their potential in-
crease. The relative simplicity of the analysis we suggest
here may allow to extract limits on new physics rapidly
as new data becomes available, again, provided that the
theoretical footing of the observable can be established
more firmly.
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FIG. 7. The shaded regions indicate the upper bounds on
neff at 2σ and 3σ confidence levels, assuming the scale of
new physics mX is known. They are delimited by grey bands
whose width show the effect of varying the Casimir CX . As
further indication, the third band shows a 1σ limit. To
guide the eye, the dashed horizontal lines indicate values of
neff corresponding to one fundamental, one adjoint, one two-
index symmetric and one three-index symmetric fermion (see
eq. (9)).
V. CONCLUSIONS
One should not overlook pure QCD observables as a
means of placing bounds on new physics beyond the Stan-
dard Model. Such bounds can indeed be insensitive to
the detailed properties of the hypothetical states, as their
various charges, and mainly depend on their effective
number neff (and their mass). These limits on colored
particles, although not the most stringent for any spe-
cific model in general, would be largely unavoidable due
to their model-independent nature.
We argue that the ratio of 3- to 2-jets inclusive differen-
tial cross sections R32 would be particularly appropriate
for constraining new physics since PDF uncertainties are
suppressed and the main effect of additional heavy par-
ticles is encoded in the modified running of the strong
coupling αs, but we are unable at this point to resolve
some issues regarding the proper interpretation of the
observable.
We want to encourage on the one hand experimen-
tal collaborations to interpret their results not only as a
test of the Standard Model, but also more directly as a
probe of new physics, and on the other hand theorists
to put their efforts in computing the relevant processes
at higher orders in perturbation theory. Robust bounds
on New Physics can only be derived with more work,
first and foremost understanding precisely which scale is
being probed in R32.
If αs can indeed be measured to the precision currently
estimated by experimental collaborations, based on the
simplified analysis of Section 4 the exclusion potential of
currently available experimental data is shown in Tab. II.
8color content neff mX in GeV
Gluino 3 280
Dirac sextet 5 410
MSSM 6 450
Dirac decuplet 15 620
TABLE II. 95% CL mass exclusion bounds for various values
of neff according to a toy-analysis of the latest CMS measure-
ment of R32 [3].
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Appendix A: DGLAP equations with new colored fermions
Defining the sum of the PDF of all quarks as
Σ(x,Q2) =
∑
q=qi,qi
fq(x,Q
2) (A1)
and denoting by fX(x,Q
2) the PDF of the new colored fermion — or the sum of them if they are more than one —
the DGLAP evolution equations are at leading order
Q2
∂fg
∂Q2
(x,Q2) =
αs
2pi
∫ 1
x
dz
z
[
Pgg(z)fg
(x
z
,Q2
)
+ Pgq(z)Σ
(x
z
,Q2
)
+ nX(Q)PgX(z)fX
(x
z
,Q2
)]
,
Q2
∂Σ
∂Q2
(x,Q2) =
αs
2pi
∫ 1
x
dz
z
[
Pqq(z)Σ
(x
z
,Q2
)
+ 2nf (Q)Pqg(z)fg
(x
z
,Q2
)]
,
Q2
∂fX
∂Q2
(x,Q2) =
αs
2pi
∫ 1
x
dz
z
[
PXX(z)fX
(x
z
,Q2
)
+
nX(Q)
nX
PXg(z)fg
(x
z
,Q2
)]
, (A2)
where nf (Q) and nX(Q) are the number of active flavours of quarks and new fermions respectively at scale Q. The
splitting functions Pij are defined as
Pgg(z) = 6
[
z
(1− z)+ +
1− z
z
+ z(1− z)
]
+
1
2
(
11− 2
3
nf (Q)− 4
3
nX(Q)TX
)
δ(1− z), (A3)
Pqq(z) = 3
(
1 + z2
1− z
)
+
, PXX(z) = CX
(
1 + z2
1− z
)
+
, (A4)
Pgq(z) = 3
1 + (1− z)2
z
, PgX(z) = CX
1 + (1− z)2
z
, (A5)
Pqg(z) =
1
2
[
z2 + (1− z)2] , PXg(z) = TX [z2 + (1− z)2] , (A6)
where the group invariants TX and CX are defined in Section III B.
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